ABSTRACT Friend erythroleukemia cells of line Fw are noninducible for hemoglobin synthesis by dimethyl sulfoxide, butyric acid, and other agents. However, these agents were found to induce hemoglobin synthesis if the cells were also treated with exogenous hemin. Butyric acid (or, to a lesser extent, dimethyl sulfoxide) by itself induced accumulation of the erythroid-specific membrane protein spectrin. The basis of the control of globin gene expression by hemin was investigated. Hemin does not control globin and total protein synthesis via the action of the hemin-controlled repressor. Rather, hemin, alone or in combination with dimethyl sulfoxide, induces accumulation of globin mRNA and nuclear globin RNA sequences. horse serum or fetal calf serum. Cells from logarithmic-phase cultures were diluted to a concentration of 5 X 104 cells per ml in fresh medium containing Me2SO, butyric acid, or hemin, as specified in the text.
ABSTRACT Friend erythroleukemia cells of line Fw are noninducible for hemoglobin synthesis by dimethyl sulfoxide, butyric acid, and other agents. However, these agents were found to induce hemoglobin synthesis if the cells were also treated with exogenous hemin. Butyric acid (or, to a lesser extent, dimethyl sulfoxide) by itself induced accumulation of the erythroid-specific membrane protein spectrin. The basis of the control of globin gene expression by hemin was investigated. Hemin does not control globin and total protein synthesis via the action of the hemin-controlled repressor. Rather, hemin, alone or in combination with dimethyl sulfoxide, induces accumulation of globin mRNA and nuclear globin RNA sequences. Direct measurements of heme synthesis indicate that Fw cells may be significantly deficient in heme metabolism. Treatment of Friend virus-transformed erythroleukemia cells (Friend cells) with dimethyl sulfoxide (Me2SO) or various other agents "induces" erythroid maturation in vitro as judged by the formation of hemoglobin and by other erythroid markers (1) . Friend cells therefore provide a model of at least the later stages of erythroid differentiation (see refs. 2 and 3 for recent reviews). Noninducible Friend cell variants can be isolated and used to study both the mechanism of induction and how the expression of diverse erythroid markers is coordinated (4) . Some Friend cell lines and cell hybrids, which do not respond to Me2SO alone, will do so if provided with an exogenous source of hemin (4) (5) (6) . Although it has been suggested that these cells may be deficient in heme synthesis, neither the mode of action of hemin nor the level of control of globin gene expression in these cells has been demonstrated.
Here we described a cell line, Fw, which is not inducible for hemoglobin or terminal differentiation by Friend cell inducers such as Me2SO and butyric acid, although the erythrocyte membrane protein spectrin (7, 8) is induced by butyric acid and to a lesser extent by Me2SO . Treatment of Fw cells with inducer plus hemin releases the block to differentiation. We present evidence that this is due to a defect in heme synthesis, which can be corrected by the addition of exogenous hemin. The control of globin synthesis is by an effect quite distinct from the nonspecific enhancement of protein synthesis in rabbit reticulocytes by hemin.
MATERIALS AND METHODS
Cells and Cell Culture. Fw cells (clone FwT 6/4 1/1) are a thioguanine-resistant subclone derived from an inoculum of C. Friend's culture CIA (9 horse serum or fetal calf serum. Cells from logarithmic-phase cultures were diluted to a concentration of 5 X 104 cells per ml in fresh medium containing Me2SO, butyric acid, or hemin, as specified in the text.
Determination of the Rate of Globin Synthesis. Cells were resuspended in F12 medium without leucine but containing 15% dialyzed horse serum, and containing hemin where appropriate, and were labeled for 15 min with 20,Ci (1 Ci = 3.7 X 101. becquerels) of [3H]leucine per ml. Cells were washed, lysed for 15 min in 0.5% Nonidet P40 in buffer containing 0.81% NaCl, 0.03% Mg acetate, and 0.12% Tris-HCl, pH 7.4. The nuclei were removed by centrifugation at 400 X g for 15 min and the supernatant was precipitated at -20°C in acid acetone (2% vol/vol concentrated HCO in acetone), with 10-20 mg of DBA/2J or Porton Swiss mouse hemoglobin added as carrier. Globin chains were separated on CM-cellulose (Whatman CM-52) columns in 8 M urea buffer containing mercaptoethanol (10) . A gradient of 0.017-0.050 M Na2HPO4, pH 6.8, was used. The column eluates were monitored for absorbance at 280 nm and a sample from each fraction was assayed for radioactivity.
Preparation of Cytoplasmic RNA. Cells were washed and lysed in Nonidet P40, and nuclei were removed as above. Cytoplasmic RNA was then extracted (11) .
Preparation of Nuclear RNA. Nuclei were purified from whole cells by the citric acid method (12) . Nuclear RNA was extracted by a modification of the method of Glisin et al. (13) in which nuclei suspended in sodium dodecyl sarcosinate are treated with proteinase K before centrifugation in cesium chloride.
Determination of Globin-Specifying Sequences in RNA. The proportions of globin-specifying sequences in total cytoplasmic RNA and total nuclear RNA were determined by titration hybridization (11, 14) with globin cDNA, by comparison with purified reticulocyte globin mRNA. The hybridization conditions were chosen so that the hybridization of any complementary RNA and cDNA sequences was complete (14 Me2SO alone, but globin synthesis is considerably enhanced in the presence of 0.1 mM hemin alone or hemin plus Me2SO (see Fig.   1 and Table 1 ). In rabbit reticulocytes (17) and reticulocyte lysates (18, 19) hemin stimulates both globin and total protein synthesis nonspecifically via the effect of a hemin-controlled repressor on the overall rate of initiation of-translation (20) (21) (22) (23) Cells were grown for 5 days in the indicated media. The rates of globin synthesis and globin RNA levels were determined as described in the text. Cytoplasmic globin mRNA sequences per cell were calculated from the proportion of globin mRNA in total cytoplasmic RNA (see Fig. 1 ), the cytoplasmic RNA content per cell, and the molecular weight of globin 9S RNA.
The rate of total protein synthesis was determined by labeling cells for 15 min with 2 yuCi of [3H]leucine per ml at a concentration of 0.5 X 106/ml in Ham's F12 medium containing 15% whole horse serum. A postnuclear supernatant was prepared (as described in the legend to Fig. 1) , and acid-insoluble radioactivity was measured after treatment with 0.2 M perchloric acid. Typical results are shown above. All quantities were determined in a minimum of four independent experiments, except the nuclear globin specific RNA (two experiments). The number of globin mRNA molecules in 707 cells treated for 5 days with 1.5% Me2SO was typically about 10,000 molecules in parallel experiments using the same batches of serum and medium. Fig. 1 and globin-specifying sequences were determined by titration hybridization with globin cDNA, by comparison with purified reticulocyte globin mRNA (v). Other symbols as in legend to Fig. 1 (Fig. 4 A and B) .
Accumulation of Spectrin. The accumulation of hemoglobin, terminal differentiation, and also morphological changes (e.g., chromatin condensation) are not induced in Fw cells by Me2SO or butyric acid alone (Fig. 4 and ref. 27 ). Therefore the expression of these erythroid markers remains tightly coupled in this variant. Untreated Fw cells reproducibly seem to have a considerable amount of spectrin in their membranes (Fig. 4D) as do also untreated 707 cells (Fig. 4C) , as judged by fluorescent labeling after adsorption of rabbit anti-spectrin antiserum followed by fluorescein isothiocyanate-labeled goat anti-rabbit antiserum. However, spectrin synthesis was induced further in the Fw cells after treatment with butyric acid, whereas Me2SO was only partially effective (Fig. 4D) (Fig. 5) .
It might be argued that hemoglobin synthesis in Fw cells is not limited by a defect in endogenous heme synthesis and that hemin does not control heme synthesis directly. Rather, hemin may be required merely to promote the overall erythroid maturation of Fw cells, perhaps by increasing the "probability of differentiation" as defined by Gusella et al. (26) . In 
.).
Cells were treated with the optimal concentrations of Me2SO (1.5% for 707 cells and 1.25% for Fw cells) or butyric acid (Fw cells, 1.5 mM). Cells were assayed for spectrin by using rabbit anti-mouse spectrin IgG followed by fluorescein isothiocyanate-conjugated goat antirabbit IgG. They were then analyzed with a fluorescence-activated cell sorter (FACS II, Becton Dickinson) for measuring the light scattering (A and B) or fluorescence (C and D) of single cells. The curves drawn are traces of the oscilloscope analyses. The ordinates give the numbers of cells and the abscissas either light scattering or intensity of fluorescence. Note that the scatter scale in A is twice that in B. As a control, C (-l-) gives the fluorescence pattern for 707 cells treated with DMSO except that the anti-spectrin antiserum was replaced by P1/NaCl/fetal calf serum during the immunological assay. This control demonstrates the dependence of the Friend cell fluorescence on the use of the specific anti-spectrin antiserum in the assay.
ence of hemin and Me2SO showed a low level of heme synthesis (Fig. 5) Thus the cell line Fw can provide a model to study the regulation by heme not only of globin synthesis but also of other erythroid characters.
